Numerous terrestrial invertebrates use secretions produced by themselves to build prey traps. Potentially, the structural as well as material properties of such constructions will reflect adaptations to wind disturbances, but most relevant studies only focus on trap structural characteristics. In this study, we examined how wind disturbances affected the structural and material properties of prey traps constructed by a sit-and-wait Araneae predator. We first compared web structures and major ampullate (MA) silk properties of 2 Cyclosa spider species inhabiting seashores and forests to see whether these properties reflected the habitatspecific wind disturbances these spiders experienced. The MA silks of the seashore-dwelling Cyclosa mulmeinensis were significantly thicker and contained higher percentage of glycine and lower glutamine. Congruent with such amino acid variation pattern were higher ultimate tension and breaking energy of C. mulmeinensis MA silks. However, despite that this species' silks were relatively glycine rich and glutamine poor, they also showed greater extensibility. Compared with webs built by Cyclosa ginnaga, those built by C. mulmeinensis were composed of fewer drag-reducing silk threads but were stiffer. In a laboratory manipulation, MA silk amino acid composition and diameter did not differ between C. mulmeinensis receiving different levels of wind. However, those receiving persistent wind disturbances built smaller webs composed of fewer but stronger MA silks to reduce drag and prevent the web from damage. Orb web spiders inhabiting areas with different levels of wind disturbances exhibit variation and plasticity in structural and material properties of prey traps. Furthermore, the silk property plasticity does not have to involve alterations of amino acid composition.
M any animals build structures to control microclimates, enhance intraspecific communication or increase foraging success, sometimes using their own body secretions to construct traps to enhance hunting of terrestrial or aquatic prey (Hansell 2005; Ruxton and Hansell 2007) . Additionally, males of numerous organisms build various forms of constructions to enhance signal transmission (Daws et al. 1996) or to be used as quality indicators (Borgia 1995; Barber et al. 2001; Madden 2003) . Wind is one major environmental factor affecting the building and design of animal constructions. Some animals utilize winds to control the microclimate of their burrows (Vogel et al. 1973; Facemire et al. 1990) or colonial mounts (Kleineidam et al. 2001; Turner 2005) and take advantages of aerodynamic forces to achieve certain functional optima (Vogel 1978; Kleineidam et al. 2001; Turner 2001) . In other organisms, however, winds may negatively affect organisms by directly exerting physical disturbances (Kim and Monaghan 2005) or by indirectly altering temperature and humidity (Furness and Bryant 1996; Reid et al. 2002) . Animals may adjust the direction of nest or burrow openings (Borges et al. 2002; Burton 2006; Quader 2006) or choose appropriate nest insulating material (Facemire et al. 1990; Reid et al. 2002; Summers et al. 2002) to reduce the adverse impacts. How wind affects building and design of prey trap, however, is still not well understood.
The most representative terrestrial trap builders are web spiders (Eberhard 1990; Foelix 1996) . Unlike traps constructed by other organisms, spider webs exhibit considerable intraspe-cific variability in various aspects (Heiling and Herberstein 2000) . For example, the structural properties of webs can be adjusted when spiders encounter different prey types (Pasquet et al. 1994; Sandoval 1994; Schneider and Vollrath 1998; Tso et al. 2007 ) and experience changes in foraging conditions (Higgins and Buskirk 1992; Sherman 1994; Blackledge 1998; Heiling and Herberstein 1999; Herberstein and Heiling 1999; Tso 1999; Venner et al. 2000; Nakata 2008) or under different nutrient or social conditions (Blackledge and Zevenbergen 2007; Salomon 2007; Zevenbergen et al. 2008) . Web spiders may adjust the chemical or mechanical properties of silks when encountering various conditions. For example, some orb web and cobweb spiders were reported to adjust amino acid composition, protein crystallization, diameter, or stiffness of major ampullate (MA) silks when they were fed with different quantity or types of prey (Craig et al. 2000; Tso et al. 2005 Tso et al. , 2007 Blackledge and Zevenbergen 2007) . Vollrath and Köhler (1996) showed that the stress-strain relationship of MA silks was changed when spider body weight was increased by various ways.
Strong wind disturbance can potentially be an important factor influencing various properties of spider webs and silks. Sticky spirals of an orb web play important roles in prey capture through aerodynamic damping. However, the cost of such aerodynamic drag is that during very windy conditions, the webs would potentially be damaged (Lin et al. 1995) . Spiders exhibit various behavioral ways to avoid web damages under windy conditions. For example, some orb-weaving spiders oriented their webs to parallel the direction of wind to minimize exposure area (Schoener and Toft 1983; Ramirez et al. 2003) . Araneus spiders reduce radii number, spiral length, and web area when they experience strong winds (Hieber 1984) , and webs changed in this way are also stiffer (Vollrath et al. 1997 ). These studies suggested that orb-weaving spiders may adjust web orientation or constructions to minimize drag. However, there are no empirical data demonstrating that these web structural changes found in webs lead to a reduced drag. Nor is it clear whether the chemical or mechanical properties of spider silks can be influenced by wind disturbances. In this study, we tested the hypothesis that spiders inhabiting areas of different level of wind speed would differ in silk properties and web designs. We predicted that spiders inhabiting areas of stronger wind disturbance would use stronger silks containing more crystal-forming amino acids to build smaller, stiffer, and less dense webs to reduce drag. These predictions were tested by comparing the structural designs of orb webs and mechanical/chemical properties of MA silks produced by 2 Cyclosa species inhabiting seashores and forests. Furthermore, we predicted that spiders could adjust silk properties and web structures according to wind disturbance levels. These predictions were evaluated by manipulating wind speed in the laboratory and comparing the responses of Cyclosa mulmeinensis receiving different treatments.
MATERIAL AND METHODS

Sample collection
We compared web architectures and MA silk physical and chemical properties of Cyclosa ginnaga (Figure 1a ) inhabiting forests and C. mulmeinensis (Figure 1b ) inhabiting seashores. Cyclosa mulmeinensis were collected from Orchid Island (designated as seashore site) (22°04#50$N 121°30#05$E), Taitung County, Taiwan, in July 2006 and February 2007. Cyclosa ginnaga were collected from a lowland broadleaf forest near Lien-Hua-Chih Research Center in Yu-Chi (designated as forest site) (23°55#01$N 121°53#24$E), Nantou County, Taiwan, in July 2006 and 2007. In both species, only adult females were collected. Taiwan is an East Asian subtropical island that receives strong northern monsoon during winter months and typhoon during summer months. The documented average wind speed of seashore and forest sites between 1971 and 2002 were 9.0 and 1.1 m/s, respectively (Central Weather Bureau, Taiwan). In July 2007, we also measured the wind speed of the seashore and forest collection sites. In both areas, we took recordings 6 times a day (from 9:00 AM to 3:00 PM at an interval of 1 h) for 3 days (each recording value represented the mean of 10 min of continuous measuring). The recorded wind speed in the seashore site (3.67 6 0.10 m/s) was significantly higher than that recorded in forest site (0.11 6 0.04 m/s) (t ¼ 34.556, degrees of freedom [df ] ¼ 22, P , 0.001). In 2 collection sites, we measured 3 structural variables of webs constructed by adult females: number of radii, orb radius, and number of spirals (both from 4 cardinal directions). These variables were used to calculate mesh height and catching area of each web following the formula of Herberstein and Tso (2000) . Total silk length was calculated by the equation reported in Tso et al. (2007) . Because webs constructed by both Cyclosa species were symmetric and were similar in shape (Figure 2a , b), the potential bias in estimation caused by differences in web symmetry or shape (Blackledge and Gillespie 2002) was unlikely to occur. We compared number of radii, mesh height, catching area, and total silk length of webs built by C. ginnaga and C. mulmeinensis by multivariate analysis of variance (MANOVA) because these variables were not independent of each other.
After web measurements, circular woody frames (diameter 20 cm) coated with adhesive were used to collect the webs for stiffness and wind drag measurements. All the C. ginnga webs in the study site contained discoid silk decoration in the hub area, so all the web samples used were decorated, whereas for C. mulmeinensis, only undecorated webs were collected for subsequent analyses. Special attention was paid to make sure that the original web tension was not affected during the collection process and the hub was positioned in the center of the frame. The spiders were carefully removed from the webs, kept individually in containers, and brought back to the laboratory for MA silk collection. In the laboratory, we first anesthetized the spiders by carbon dioxide and measured their body weight with an electronic balance (PJ3000; Mettler-Toledo, Greifensee, Switzerland). Then each spider was fixed on a Styrofoam plane with its MA silk gently pulled out under a dissecting microscope. Two threads of MA silk (5 cm in length) were carefully mounted on a frame made of cardboard (5 cm in width and 7 cm in length) to measure the mechanical properties. All obtained values were divided by 2 to estimate the properties of a single silk thread. From each individual spider, 3 MA silk samples were collected.
Results of previous studies showed that spider web architectures were also determined by prey size (Sandoval 1994; Schneider and Vollrath 1998; Venner et al. 2000) and spider leg length (Vollrath 1987) . To determine whether any observed web differences between 2 Cyclosa species were associated with these factors, we conducted 2 field studies in April 2009. The first (14 and 15 April) was conducted in an estuary area in Huwei (23°42#00$N 120°26#00$E), Yunlin County, Taiwan, to survey the prey size distribution of C. mulmeinensis. The survey was performed from 9 AM to 4 PM, and the webs in the study site were monitored once each hour. The prey trapped by webs was measured with a caliper (accuracy to the nearest mm) and prey's taxonomic order was recorded. During 2 days of study, around 100 webs were monitored daily. The second field study was conducted in a lowland broadleaf forest in Yu-Chi (Nantou County, Taiwan) to survey the prey size distribution of C. ginnaga following the same procedures of the previous survey. During 2 days of study, around 50 webs were surveyed daily. Prey size difference of 2 Cyclosa species was compared by a Mann-Whitney U test and prey taxonomic composition by a v 2 test of homogeneity. A total of 29 C. mulmeinensis and 24 C. ginnaga were brought back to the laboratory for leg length measurements. Spiders were first preserved in 70% alcohol, and immediately before measurement, the 4 legs from right side of the body were removed. The images of legs were taken under a dissecting microscope (Olympus SZX 12, Tokyo, Japan) mounted with a digital camera (Olympus Camedia C5050, Tokyo, Japan). ImageJ software was used to estimate the leg length to the nearest 0.1 mm. Because the lengths of all legs of a spider were not independent of each other, a MANOVA test was used to compare the leg length of 2 Cyclosa species.
Measuring MA silk mechanical properties
To measure the mechanical properties of MA silk, the lower end of the silk-mounted cardboard was fixed on a weight placed on an electronic balance and the upper end on a moveable bracket (Figure 3a ). We then cut off the cardboard from the middle and lifted up the bracket at a speed of 2 mm/s. The readings of the balance would decrease when the bracket lifted the upper end of the cardboard and, thus, pulled the silk and weight gradually. Hence, the decreased reading represented the tensile load applied to the silk, and the bracket displacement indicated the silk extension. The load for each 1-mm silk extension was recorded until the silk was broken. From these data, we could obtain the ultimate tension and calculate the breaking energy of the MA silks. The ultimate tension (lN) is the tension when the silk is broken, and the breaking energy (lJ) is determined by taking the integral underneath the load-extension curve. To estimate the standardized mechanical properties of the MA silk, the true strain and true stress were first calculated under the assumption of constant silk volume. The true strain (e T , %) is the silk extension ratio and was determined by:
where l f is the length of the silk and l 0 is the original length of the silk. The true stress (r T , MPa) is the tension per crosssection area and was determined by:
where F is the instantaneous tension of the silk, A is the instantaneous cross-sectional area of the silk, A 0 is the original cross-section area of the silk estimated by a scanning electron microscope (SEM, Inspect S; FEI, Hillsboro, OR), l is the instantaneous length of the silk, and l 0 is the original length of the silk (Köhler and Vollrath 1995) . The toughness was estimated by taking the integral underneath the true stress-true strain curve until the silk was broken. The ultimate tension, breaking energy, extensibility (i.e., the maximum strain), strength (i.e., the maximum stress), and toughness of MA silks produced by C. ginnaga and C. mulmeinensis were compared by a MANOVA test because these variables were not independent of each other.
Estimating silk amino acid percentages
We collected MA silks and followed the method of Tso et al. (2005) to dissolve the silk (500 ll hexafluoroisopropanol per l milligram of MA silk). The amino acid composition of the silk samples was analyzed by reverse-phase high-performance liquid chromatography, which was performed in the Instrument Center, Department of Chemistry, National Tsing-Hua University, Taiwan. The silk solution samples were first dried and then hydrolyzed at 115°C in 6 N HCl for 24 h. The resulting product was transferred to a Waters PICO.TAG Amino Acid Analysis System to obtain percentages of various amino acids. Recent researches have revealed that dragline silks are composed of the products of at least 2 genes: major ampullate spidroin 1 (MaSp1) (Xu and Lewis 1990) and major ampullate spidroin 2 (MaSp2) (Hinman and Lewis 1992) . The b-sheet crystal structure of MaSp1 products is regarded as being responsible for the tensile strength of the silk and are composed of poly(A) and poly(GA) motifs (A: alanine, G: glycine) (Gosline et al. 1999; Winkler and Kaplan 2000) . MaSp2 products, on the other hand, exhibit GPGXX and GPGQQ motifs (P: proline, Q: glutamine) (Hayashi et al. 1999 ). The b-turn spirals of MaSp2 products are considered to be responsible for the extensibility of the silk and are composed of GPGXX and GPGQQ motifs (P: proline, Q: glutamine, X: any amino acid) (Hayashi et al. 1999) . Therefore, the relative composition of major MA silk amino acids may affect the strength and extensibility of the silk. The percentages of 5 major amino acids (alanine, glycine, glutamine, proline, and serine) of MA silks produced by C. ginnaga and C. mulmeinensis were compared by a MANOVA test because these variables were not independent of each other.
Measuring spider web stiffness
To assess the mechanical properties of the whole web, the woody frames with spider webs mounted were fixed on a movable bracket, and the hub of the spider web was lightly contacted with a 20-mm diameter plastic column placed on an electronic balance ( Figure 3b ). While the bracket was lowered down at a speed of 2 mm/s, the readings of the balance would increase. The increased reading indicated the load exerted on the web. In this study, the web stiffness was assessed as the tension (in lN) required to cause the web center to have a 10-mm displacement perpendicular to the web plane (i.e., when the bracket was lowered down for 10 mm). The stiffness of webs built by C. ginnaga and C. mulmeinensis was compared by an analysis of covariance (ANCOVA) using spider biomass and radii number as covariates.
Measuring web wind drags
After the stiffness was measured, the drag of each web specimen subjected to wind was measured. The experimental setup was composed of 3 components: specimen mount, force measurement using an electronic balance, and a self-made wind generator hanged in between. The specimen mount was made of a circular frame attached to a wooden frame suspending from the electronic balance. The wind generator used 4 electric fans (FD128025HB; Yen Sun Technology Corp., Kaohsiung, Taiwan) at its top and beneath with a flow straightener composed of a large number of 6-cm plastic straws arranged side by side. The velocity of the wind coming out from the flow straightener was about 1.47 m/s when the fans were turned on. After the web ring was mounted onto the specimen mount, the fans were turned on and the force subjecting to the web and the whole setup was recorded. A second reading was obtained when the web ring was removed from the specimen mount and placed on top of the balance, whereas the rest of the setup remained unchanged. Because the web specimen was no longer subjected to the drag in the latter case, the difference of these 2 readings could be used as an estimate of the web's drag (in mN). An ANCOVA test was used to compare the drags of webs built by C. ginnaga and C. mulmeinensis using total silk length as the covariate.
Design of manipulative study
In this part of the study, we tested whether spiders inhabiting areas with a high level of wind disturbances exhibited plasticity in web architectures and silk properties. Stable populations of C. mulmeinensis were found on shrubs near the seashore or open estuary area all year round (Tso IM, personal observations). In such habitats, there is no effective shelter for wind disturbance, and spiders' webs are quite exposed. Because C. mulmeinensis do not actively seek out appropriate microhabitats to reduce wind disturbances, they may exhibit special adaptations in webs and silks to cope with such environmental factor. We manipulated wind velocity in the laboratory and quantified the responses of C. mulmeinensis to various treatments. Cyclosa mulmeinensis were collected from an estuary area in Huwei (Yunlin County, Taiwan) in the summer of 2007. The spiders and webs were collected as described above, but the spiders were allowed to stay on their own webs. The spider webs were brought back to the laboratory and were fed 3 fruit flies every other day. The light-dark cycle was kept at 12:12 h, and the temperature was kept at 25°C. After 3 days of acclimation, the spiders were randomly designated into pretreatment or treatment groups. Owing to Cyclosa spiders' small size and handling difficulties, we were uncertain whether forcefully drawing MA silks from C. mulmeinensis to evaluate their pretreatment condition would cause harmful effects to the subjects. Under such considerations, we used half of the spiders to perform a pretreatment comparison to test for homogeneity of initial silk and web properties. Cyclosa mulmeinensis assigned to the pretreatment group were further divided into 2 groups, control-disturbance (CD) and control-no disturbance (CN) groups, and various web and silk properties were compared. Only when various properties were not significantly different between CD and CN groups, could we confidently assume that C. mulmeinensis randomly assigned to different manipulations had similar initial conditions. The other half of the spiders assigned to a treatment group was also divided into 2 groups. Spiders assigned to the winddisturbed (ED) group were treated by wind disturbance 24 h a day for 7 days. Those assigned to the no-wind disturbance (EN) group did not receive any wind disturbance. The wind disturbance received by each ED spider was generated by a 12 3 12 cm electric fan (WFD1212H; Delta Electronics, Inc., Taipei, Taiwan). A fan was placed 40 cm away from each webmounted wooden ring with spider dorsum facing the fan. The average wind speed was 1.138 m/s, which was comparable to that experienced by spiders in their natural habitats (Central Weather Bureau, Taiwan). After 7 days of wind disturbance manipulations, silk property and web structural/mechanical data of spiders in the EN and ED groups were collected and analyzed following the aforementioned methods.
RESULTS
Interspecific comparison: MA silk properties
MA silk amino acid percentage data were available from 18 forestdwelling C. ginnaga and 16 seashore-dwelling C. mulmeinensis.
There was a significant difference in major MA silk amino acid percentages (MANOVA test, K ¼ 0.132, F 5,28 ¼ 36.90, P , 0.001).
The MA silks of C. mulmeinensis contained significantly higher percentages of glycine, serine, and lower percentage of glutamine (Table 1) . The percentages of the other major MA silk amino acids did not differ significantly between these 2 spider species (Table 1) . MA silk samples from 37 C. ginnaga and 28 C. mulmeinensis showed significant differences in various mechanical properties (MANOVA test, K ¼ 0.261, F 6,58 ¼ 27.397, P , 0.001) ( Table 2 ). The MA silks of C. mulmeinensis were significantlythicker than those of C. ginnaga. Moreover, the extensibility, ultimate tension, and breaking energy of MA silks of C. mulmeinensis were significantly larger than those of C. ginnaga. The superior properties of C. mulmeinensis silks seemed to be due to their larger diameter because the standardized MA silk mechanical properties such as strength and toughness did not differ significantly between these 2 species (Table 2) .
Interspecific comparison: web properties
A total of 54 C. ginnaga and 21 C. mulmeinensis webs were measured for body weight and web architecture comparisons. In general, the webs of C. ginnaga were larger in area and denser (i.e., greater radii number, smaller mesh height, and longer total silk) than those built by C. mulmeinensis (Table 3) . When considering the effects of radii number and spider body weight, web stiffness of C. mulmeinensis was significantly higher than that of C. ginnaga (Table 3 ). The effect of radii number on web stiffness was statistically significant (ANCOVA test, F 1,61 ¼ 9.541, P ¼ 0.003), but spider body weight was not (ANCOVA test, F 1,61 ¼ 2.366, P ¼ 0.129). In both species, there was a significant positive relationship between web stiffness and radii number (linear regressions, r 2 ¼ 0.094, F 1,43 ¼ 4.447, P ¼ 0.041 for C. ginnaga and r 2 ¼ 0.203, F 1,19 ¼ 4.818, P ¼ 0.041 for C. mulmeinensis) (Figure 4 ). The web stiffness/radii number correlation patterns of 2 species showed that for webs with identical stiffness, those built by C. mulmeinensis contained fewer radii than those built by C. ginnaga. Drag data were available from 17 C. ginnaga and 16 C. mulmeinensis webs. Cyclosa mulmeinensis webs experienced significantly smaller drag than the larger C. ginnaga webs under the same wind speed (t-test, t 31 ¼ 12.621, P , 0.001). When we performed the ANCOVA test, the species difference was no longer significant (Table 3) , but total silk length turned out to be a significant determinant of drag (F 1,30 ¼ 8.921, P ¼ 0.006).
Interspecific comparisons: prey size and spider leg length
From 2 days of field survey, a total of 220 prey trapped on C. mulmeinensis webs were recorded. Among them, the most dominant insect taxa was Hemiptera (60%), followed by Diptera (23%) and Hymenoptera (15%). From another 2 days of field survey, a total of 130 prey trapped on C. ginnaga webs were recorded. These prey were composed of Diptera (47%), Hemiptera (38%), and Hymenoptera (10%). A v 2 test of homogeneity showed that prey composition of 2 Cyclosa species differed significantly (v 2 ¼ 32.4, df ¼ 5, P , 0.001). The prey size distribution of both species deviated significantly from normality (Kolmogorov-Smirnov tests, P , 0.001 for both species), so a Mann-Whitney U test was used. The size of prey trapped by webs built by C. mulmeinensis ( X 6 SE ¼ 2.55 6 0.07 mm) was significantly larger than that of C. ginnaga ( X 6 SE ¼ 1.67 6 0.09 mm) (Mann-Whitney U ¼ 7301, P , 0.001). Although 2 Cyclosa species did not differ significantly in body weight, the lengths of all legs of C. ginnaga were significantly longer than those of C. mulmeinensis (Table 4) .
Wind effect on C. mulmeinensis: MA silk properties MA silk amino acid percentage data were available from 19 CN, 19 CD, 16 EN, and 14 ED spiders, respectively. The amino acid percentages of MA silks produced by spiders in the CN and CD groups did not differ significantly (MANOVA test, K ¼ 0.908, F 5,32 ¼ 0.652, P ¼ 0.622, Table 5 ). This result indicated that after 3 days of acclimation in the laboratory, the MA silk amino acid percentages were similar among C. mulmeinensis individuals. There was no significant difference in MA silk amino acid percentages between silks produced by spiders in the EN and ED groups (MANOVA test, K ¼ 0.712, F 5,24 ¼ 1.940, P ¼ 0.125, Table 5 ). Such result suggested that C. mulmeinensis did not alter MA silk amino acid compositions when encountering short-term fluctuations of wind levels. 
Figure 4
Relationship between stiffness and number of radii silks of webs built by Cyclosa ginnaga and Cyclosa mulmeinensis with linear regression lines plotted. MA silk mechanical property data were available from 16 CN, 10 CD, 13 EN, and 13 ED spiders, respectively. MA silk produced by spiders in the CN and CD groups did not differ significantly in all properties measured (K ¼ 0.885, F 6,19 ¼ 0.412, P ¼ 0.862, Table 6 ). This result indicated that after 3 days of acclimation, various MA silk properties were similar among C. mulmeinensis individuals. Wind disturbance caused significant changes in various MA silk mechanical properties (MAN-OVA test, K ¼ 0.332, F 6,19 ¼ 6.369, P , 0.001). Although MA silk diameter did not differ significantly between EN and ED groups (Table 6) , when encountering wind disturbances, C. mulmeinensis considerably enhanced the mechanical properties of MA silks. The extensibility, strength, toughness, ultimate tension, and breaking energy of MA silks produced by ED spiders were all significantly higher than those of silks produced by EN spiders (Table 6) .
Wind effect on C. mulmeinensis: web properties
Web structural property data were available from 15 CD, 13 CN, 20 ED, and 13 EN spiders, respectively. In pretreatment comparisons, there was no significant difference in various web structural properties measured (MANOVA test, K ¼ 0.729, F 4,23 ¼ 2.142, P ¼ 0.108, Table 7 ). Web stiffness was not significantly different between webs built by CN and CD spiders (Table 7) , and neither spider body weight (ANCOVA test, F 1,24 ¼ 0.333, P ¼ 0.570) nor radii number (ANCOVA test, F 1,24 ¼ 0.617, P ¼ 0.440) had significant effects. In addition, results of both an ANCOVA (Table 7) and a t-test (t 23.59 ¼ 0.949, P ¼ 0.372) showed that drag was also similar between webs built by CN and CD spiders (although total silk length turned out to be a significant determinant of this variable, F 1,25 ¼ 7.187, P ¼ 0.013). These results indicated that before spiders received different wind disturbance treatments, various aspects of their webs were similar. Wind disturbance had a significant effect on various web properties (MANOVA test, K ¼ 0.372, F 4,28 ¼ 11.806, P , 0.001). Compared with webs built by EN spiders, those built by ED spiders contained significantly fewer radii (31% fewer), larger mesh height (51% larger), shorter silk (49% shorter), and were significantly smaller (36% smaller) (Table 7) . However, the reduction of material used in constructing webs was not associated with lower web stiffness. Although webs built by ED spiders contained much fewer radii, their stiffness was similar to that of EN spiders (Table 7) . Spider body weight had little effect (ANCOVA test, F 1,29 ¼ 0.978, P ¼ 0.331), but radii number had a significant effect on web stiffness (ANCOVA test, F 1,29 ¼ 6.702, P ¼ 0.015). The drag of webs built by ED spiders was significantly smaller than that of EN spider webs (t-test, t 19.87 ¼ 3.440, P ¼ 0.003). When we performed the ANCOVA test, the treatment effect was no longer significant (Table 7) , but total silk length turned out to be a significant determinant (F 1,30 ¼ 4.761, P ¼ 0.037). Such results indicated that the smaller, less dense but equally strong webs built by spiders disturbed by artificial wind exhibited a reduced drag and therefore might be less likely to be damaged by strong wind.
DISCUSSION
Results of this study show that orb spiders inhabiting environments with different levels of wind disturbances exhibit adaptations in web and MA silk properties. The architectures of webs built by C. mulmeinensis and C. ginnaga differed significantly in various aspects. Cyclosa mulmeinensis webs have fewer radii silks, larger mesh height, smaller catching area, and shorter silks than those of C. ginnaga, indicating that the orb webs of the former contain less material to build into a less dense structure to reduce drag. We found that the variation of C. mulmeinensis webs' catching area and total silk length was considerably larger than that of C. ginnaga. Such a pattern might result from the fact that C. mulmeinensis inhibited areas with heterogeneous wind disturbances and, therefore, had huge intraspecific variation in web architectures. Cyclosa ginnaga, on the other hand, inhabited forest interior with relatively constant and calm conditions and, consequently, had lower variation in web structural values. Even the webs built by the seashore-dwelling C. mulmeinensis contained much fewer radii silks, and their stiffness was higher than that of the webs built by the forest-dwelling C. ginnaga. Such a phenomenon could be explained by the different mechanical properties of MA silks produced by these 2 species. The ultimate tension and breaking energy of MA silks produced by C. mulmeinensis were higher than those of C. ginnaga, potentially due to larger silk diameter. Although C. ginnaga webs contained discoid silk decorations and C. mulmeinensis webs were undecorated, because decorations silks were loosely applied on the radii silks (Foelix 1996) , they should have had little effect on web stiffness. Therefore, it is the web and silk characteristics that help this seashore-dwelling species cope with environments with a high level of wind disturbances. Other factors responsible for different web and silk properties of 2 Cyclosa species might be silk decorations and body weight. Both C. ginnaga and C. mulmeinensis incorporate prey pellets on webs, but only the former will build silk discoid decorations. Discoid silk decorations might further increase wind drag of the webs and might potentially increase the risk of web damages. This may explain why the seashore-dwelling C. mulmeinensis never decorate their webs with silk decorations. On the other hand, although results of previous studies showed that spider body weight also played important roles in web and silk properties (Reed et al. 1982) , in our analyses, such variable had little effect on various variables, perhaps, because body weight varied little among the spiders of both Cyclosa species that we used.
The longer legs of C. ginnaga should have been associated with larger mesh height (Vollrath 1987) , and yet it was the shorter legged C. mulmeinensis that produced webs with the larger mesh height. This suggests that leg length is not the sole determinant of web mesh height. Spiders exhibit flexibility in adjusting this structural property according to the ecological conditions they encounter. From the field surveys, we also found that the size of prey intercepted by C. mulmeinensis webs was significantly larger than that of C. ginnaga webs. This may be because web structural properties were influenced by strong wind disturbances in 2 ways. Cyclosa mulmeinensis individuals building stiffer webs with lower wind drag might have been favored by selection. In addition, because larger insects cope better with wind, the larger mesh height and higher stiffness of C. mulmeinensis webs might enable greater success with larger prey. The availability of large prey might be one of the reasons why C. mulmeinensis inhabit areas of high wind disturbance even though in such habitats there is higher risk of web damages.
Results of this study demonstrate for the first time that orb-weaving spiders can adjust their silk properties when encountering different degree of wind disturbance, and such phenotypic changes do not have to involve silk amino acid composition alterations. Persistent wind induces C. mulmeinensis to produce MA silks of higher strength, extensibility, toughness, ultimate tension, and breaking energy as found in ED spiders. Such mechanical property enhancements can help spiders reduce potential web damage caused by winds. We found that strength, toughness, ultimate tension, and breaking energy of silks produced by EN spiders were lower than those of CD and CN spiders. Such results suggest that when C. mulmeinensis experienced consistent calm conditions for some period of time, they produced silks of lower mechanical property. Although the silk performance of EN spiders reflect C. mulmeinensis's response to 10 days of relatively calm conditions (3 acclimation 1 7 control treatment days), those of CN and CD spiders might partially reflect the wind disturbance they had experienced in the original habitat before the 3-day acclimation period. Surprisingly, we did not find that wind disturbance affects the major amino acid percentages in MA silks. Such a phenomenon suggests that when spiders encounter persistent wind disturbance, they do not significantly alter the expression pattern of MaSp1 and MaSp2 genes. Even so, the ultimate tension and breaking energy of MA silk produced by C. mulmeinensis in the ED group were significantly higher than those produced by EN spiders. The better performance of MA silks of C. mulmeinensis was not achieved by increasing silk diameter, like the case when comparing to C. ginnaga but by enhancing silk strength and toughness.
The incongruence of MA silk amino acid and mechanical property data indicates that wind disturbance does not affect silk at the gene expression stage but, perhaps, at the protein assembling stage. Previous studies show that the mechanical properties of MA silk are not only determined by relative amounts of MaSp1 and MaSp2 proteins but also by how they are assembled (Sponner et al. 2005b ). During the spinning process, orb spiders seem to be able to adjust the relative amount of MaSp1 and MaSp2 gene products and their arrangement pattern in the silk (Sponner et al. 2005a ). MaSp1 molecules that were arranged more homogeneously seemed to facilitate the formation of crystalline area in MA silk and, thus, enhance silk mechanical property (Sponner et al. 2005b ). On the other hand, owing to the biochemical nature of the MaSp2 molecule, this protein is proposed to interfere with MaSp1 molecule alignment and, thus, may affect crystalline formation (Sponner et al. 2005b ). Theoretically, it is much faster to adjust MA silk mechanical properties by physiologically rearranging MaSp1 and MaSp2 molecules than by genetically altering the expression patterns of these 2 genes. Therefore, it is possible that orb spiders achieve silk property plasticity by physiologically adjusting the arrangement patterns of 2 silk proteins to quickly respond to environmental disturbances. The use of spidroin-specific antibodies may help determine whether MA silks produced by spiders receiving different levels of wind disturbance exhibit different MaSp1 and MaSp2 protein arrangement patterns.
Results of our manipulations showed that C. mulmeinensis could adjust web architectures when encountering persistent wind disturbance to reduce drag. Webs built by C. mulmeinensis in ED group were smaller, contained fewer radii and larger mesh height, and such result is congruent with those of previous studies (Hieber 1984; Vollrath et al. 1997) . Even though ED spider webs contained much fewer radii, their stiffness was similar to that of EN spiders. Such result indicates that when orb spiders encounter persistent wind disturbance, they build smaller webs with fewer but stronger silk threads. Here we show for the first time that the aforementioned web structural changes could effectively reduce drag. The smaller drag of webs built by ED spiders seemed to be achieved by web structural changes. Theoretically, the drag force, D, is determined by
where C d is the drag coefficient, q is the density of the air, S is the surface area, and v is the wind velocity (Vogel 2003) . Because in our manipulations, all variables except reference area were kept constant, a larger surface area would cause greater drag. The surface area of an orb is theoretically determined by total length as well as diameter of silks. Although we did not measure diameter of web silks and, thus, could not accurately estimate reference area, we used total silk length as an alternative estimator and suggest that the reduction in silk length post-wind disturbances to be the major reason of drag changes. Results of Tso et al. (2007) showed that there was a diameter correlation between forcefully drawn silks and web silks of the same spider individual. Because the diameter of MA silks forcefully drawn from ED and EN spiders was similar, it was very likely that web silk diameter of these 2 groups was also similar. Even though web silk diameter of different treatment groups might vary, the difference of total silk length between 2 treatment groups differed so much and such variation should greatly outweigh the potential difference of silk diameter. Therefore, the alteration in web silk quantities should be the major contributor of drag changes.
Results of this study demonstrate that a trap builder adjusts both trap structural design and material properties when encountering persistent wind disturbance. To cope with strong winds, orb spiders inhibiting seashore area build smaller and less dense webs with thicker and stronger silk threads. Moreover, these spiders exhibit plasticity in these trap characteristics. We suggest that such plasticity can help these trap builders balance the opposing needs of wind resistance and hunting performance. Previous studies showed that catching area and mesh height significantly influence an orb's prey catching performance. Webs with larger area and smaller mesh tend to intercept more prey (see review in Heiling and Herberstein 2000) . Therefore, a potential drawback of a more wind-resistant but smaller web is a reduced preycatching performance. We suggest that C. mulmeinensis's plasticity in web and silk properties reflect an adaptation to environments with fluctuating wind disturbance to trade-off wind resistance and hunting performance. Such plasticity allows spiders to build webs with smaller drag during windy days to preserve silk protein and to build larger webs with better prey-catching ability during calm days.
